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Abstract 29 
We reconstructed middle to late Holocene changes in atmospheric circulation patterns and 30 
vegetation in northwest Europe by applying novel geochemical techniques to the sediment 31 
record of Lake Uddelermeer (The Netherlands). A comparison of higher plant-derived leaf 32 
wax n-alkane distributions archived in the lake sediments with those in living plant material, 33 
combined with palynological analysis, indicates that the vegetation immediately surrounding 34 
the lake became more open at 3150 cal a BP, while the regional vegetation responded 35 
more gradually and ~650 years later. Our record of the hydrogen isotopic composition of 36 
plant leaf waxes (δDwax) shows a deuterium enrichment starting from 3500 cal a BP, which 37 
we interpret as a change in atmospheric circulation. A similar δDwax record from nearby 38 
Meerfelder Maar (Germany) shows an opposite trend around this time, which could be 39 
explained by a change in sea level pressure resembling a negative North Atlantic 40 
Oscillation phase. This could account for depleted δD values of precipitation at Meerfelder 41 
Maar, while confounding factors related to the more maritime position of Uddelermeer 42 
cause the opposite shift there. 43 
 44 
Introduction 45 
Holocene climate in the Northern Hemisphere is characterised by several distinct climatic 46 
events, some of which have been correlated to variations in solar output (e.g. the so-called 47 
2.8-kyr event and the Little Ice Age; van Geel et al., 2014; Mauquoy et al., 2002). These 48 
events have been identified in lake sediment parameters (Haltia-Hovi et al., 2007; Martin-49 
Puertas et al., 2012; Ojala et al., 2015; Czymzik et al., 2016), peat bogs (e.g. van Geel et 50 
al., 1996; 2014) as well as in other terrestrial and marine records (e.g. Bond et al., 1997; 51 
Charman, 2010). The forcing mechanism that links climate and solar activity is poorly 52 
understood, but a role for drift ice variations related to ocean circulation (Bond et al., 2001; 53 
Charman, 2010) and/or atmospheric circulation changes (e.g. Magny, 2004; Martin-Puertas 54 
et al., 2012; Czymzik et al., 2016) have been proposed. The current mode of atmospheric 55 
circulation responsible for climate variations in western Europe is the North Atlantic 56 
Oscillation (NAO; Olsen et al., 2012), which controls the strength of the westerly winds and 57 
the location of storm tracks across the North Atlantic. 58 
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The 2.8-kyr event (van Geel et al., 1996), is associated with the Subboreal-Subatlantic 59 
biozone transition identified in palynological records as a sudden decline in Corylus 60 
avellana pollen, consistent with a transition to wetter and cooler climate conditions (e.g. van 61 
Geel, 1978; van Geel et al., 1996). This transition is found to be widespread and dominant 62 
in climate records of northwest Europe (e.g. Kilian et al., 1995; Charman et al., 2006; 63 
Swindles et al., 2013; van Geel et al., 2014; Engels et al., 2016; Rach et al., revised). 64 
However, Mayewski et al. (2004) describe variable climate conditions from multiple 65 
locations around the world in an extended interval (3500-2500 cal a BP), indicating that the 66 
2.8-kyr event might not constitute a uniform shift in climate. Indeed, a reconstruction of past 67 
hydrological changes at Lake Uddelermeer (The Netherlands; Fig. 1A) showed lake levels 68 
were approximately 2.5 m lower than present between 3150 and 2800 cal a BP, followed by 69 
a period of higher-than present lake levels from 2800 cal a BP onward (Engels et al., 2016). 70 
The inference of a lake-level lowstand just prior to the 2.8-kyr event is not in line with results 71 
derived from high-resolution reconstructions of past precipitation derived from nearby peat 72 
bogs, such as Engbertsdijksveen (Fig. 1A; van Geel et al., 1996). 73 
To better understand the environmental and climatic changes that occurred around the 2.8-74 
kyr event at Lake Uddelermeer, we combine the data from leaf wax lipids (n-alkanes), their 75 
hydrogen-isotopic composition, and branched glycerol dialkyl glycerol tetraethers 76 
(brGDGTs) from the same core, and compare them to the palynological record of Engels et 77 
al. (2016). Our record spans 6330 to 1500 cal a BP, covering part of the middle Holocene 78 
(8200-4200 cal a BP) and late Holocene (4200 cal a BP to present; Walker et al., 2012). 79 
The n-alkanes derived from the leaf wax of higher plants can be traced back to their source 80 
organism and can be used to distinguish local from regional vegetation changes when 81 
combined with palynological data (Eglinton & Eglinton, 2008). In addition, the hydrogen 82 
isotopic composition of these n-alkanes can be linked to hydrological changes in their 83 
source area (Sachse et al., 2012). Finally, variations in the molecular composition of 84 
brGDGTs (membrane lipids produced by certain soil bacteria) can be used to reconstruct 85 
annual mean air temperatures (MAT) for the area in which they are produced (Weijers et 86 
al., 2007). 87 
 88 
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Materials and methods 89 
Site description 90 
Lake Uddelermeer (52°14’48”N / 5°45’40”E) currently measures 300 m by 200 m and has a 91 
maximum water depth of 1.3 m. The lake is a focal point for groundwater flow as it is 92 
situated between two push moraines of Saalian age at an elevation of 24 m above sea 93 
level. A pingo developed during the Last Glacial Maximum, which melted during the 94 
Weicheslian late-glacial at c. 14,000 yr ago (Engels et al., 2016). The lake formed in the 95 
resulting depression after the melting of the ice-lens, and lacustrine sediments started to 96 
accumulate which have a maximum thickness of 15.6 m today. The lake is surrounded by a 97 
small fringe of wetlands (with willow, Salix cinerea and birch, Betula pendula) and bordered 98 
by a stand of trees on the west side (alder, Alnus glutinosa). On the eastern side of the 99 
lake, a human-made defensive structure supports some oaks (Quercus robur), beeches 100 
(Fagus sylvatica) and pine trees (Pinus sylvestris). The bank and the surroundings of the 101 
lake have been inhabited since the Early Neolithic (Polak, 1959). The Netherlands currently 102 
experiences a maritime climate, caused by prevailing southwesterly winds, which are a 103 
primary source of precipitation throughout the year. MATs lie around 10.1 °C (average over 104 
1981-2010). 105 
 106 
Sample collection 107 
Collection of modern plant material 108 
Plant leaves were collected for n-alkane and stable isotope measurements during fieldwork 109 
in April and May 2012. Plant species expected to be responsible for the dominant biomass 110 
input into the sediments of Uddelermeer were selected based on the pollen record and the 111 
present vegetation around the lake. Living leaf tissue was collected for these species (Table 112 
1) in the immediate surroundings of Uddelermeer where possible. Species that were not 113 
present at Uddelermeer were collected at other lakes in the area (Fig. 1). As no significant 114 
biomass input from roots is expected in lacustrine sediment, only samples of leaves were 115 
taken from each of the 10 species included in this study. Material was sampled from 1-5 116 
specimens of the same species and mixed for analysis to obtain an average lipid signal 117 
(Jansen et al., 2006). Hand contact with the samples was avoided during sampling to avoid 118 
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lipid contamination and the samples were immediately wrapped in aluminium foil upon 119 
collection. The samples were freeze-dried and ground upon return to the laboratory. 120 
 121 
Sediment coring and sample selection 122 
The sediment core used in the present study is core UDD-E, which is one in a series of 123 
core sequences taken (in April and May 2012) at different positions along a N-S transect 124 
across the lake. The core was retrieved from the deepest part of the sediment basin 125 
(52°14’47.5”N / 5°45’39.5”E) using a 3-m-long UWITEC piston core deployed from a 126 
floating platform (Engels et al., 2016). The sediment cores were stored in a cold room prior 127 
to processing. Core UDD-E has a length of ~14 m (1440-67 cm depth) and the present 128 
study focuses on the 955-315 cm depth interval. The sequence consists of dark-brown algal 129 
gyttja with only a few visible macro remains (mostly mosses). 130 
A total of 59 3-cm-thick sub-samples were taken from the core for biomarker analysis at 10 131 
cm intervals. As with the modern plant material, hand contact was avoided during sample 132 
treatment and the samples were freeze-dried and ground with a mortar and pestle. All 133 
samples were stored in clean glass vials until extraction. Samples for loss-on-ignition (LOI) 134 
and pollen analysis were taken from the same depths (middle cm).  135 
 136 
Chronology 137 
All data derived from the core sequence were plotted on a timescale based on the age-138 
depth model for the entire core as published by Engels et al. (2016). The model is based on 139 
26 210Pb measurements from the upper 66 cm of the sediments and 20 AMS 14C samples 140 
distributed through the core, combined using Bayesian modelling as included in the OxCAL 141 
software (Bronk Ramsey, 2009). The core-interval analysed in this study ranged from 955 142 
to 315 cm depth, equivalent to 6330-1500 cal a BP, thus including the 2.8-kyr event. The 143 
age-depth model shows relatively well-constrained age estimates for the period 3000 cal a 144 
BP to present (average uncertainty of ±150 years based on 2-sigma error estimates). The 145 
2-sigma error on age estimates is larger in the lower part (average uncertainty of ±400 146 
years) due to the low content of material (macro-remains) suitable for radiocarbon dating. 147 
The age-depth model should therefore be treated with caution for the age interval 6330-148 
3000 cal a BP (Engels et al., 2016). 149 
 150 
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Palynology and Loss-on-ignition 151 
Engels et al. (2016) presented a pollen diagram for the entire UDD-E core, and compared 152 
their results against a pollen record retrieved from the littoral of the lake in order to identify 153 
hiatuses. Here, we re-interpret the data from Engels et al. (2016) for the 6330-1500 cal a 154 
BP interval in the context of vegetation development and changes of the terrestrial and 155 
aquatic ecosystems. A pollen percentage diagram for 6330-1500 cal a BP was replotted 156 
(using the Rioja package in R 3.1.2; Juggins, 2015; R Core Team, 2014). Loss-on-ignition 157 
(LOI) data from Engels et al. (2016) was plotted as well to aid with interpretation. Zonation 158 
was determined by Engels et al. (2016), following the Blytt-Sernander scheme.  159 
 160 
Biomarker analysis 161 
A more detailed description of the methods used to analyse biomarkers is provided as 162 
Supplementary Information. 163 
Prior to lipid extraction, the carbon, nitrogen and sulphur content was measured using ~5 164 
mg of each sediment sample. The C/N ratio was calculated from the carbon (C) and 165 
nitrogen (N) concentrations. Approximately 0.1-0.2 g of each of the leaf samples and 1 g 166 
sediment sub-samples were processed to extract the lipids. Hereafter the extracts were 167 
separated into several fractions based on polarity (Sachse et al., 2004). The aliphatic 168 
fraction, containing the n-alkanes, was analysed by gas chromatography-mass 169 
spectrometry (GC/MS). The ratios of n-alkanes of various chain lengths within the extract 170 
from the sediment samples were investigated and compared to the lipid patterns in the 171 
plant species to enable a reconstruction of past vegetation changes. 172 
Compound-specific hydrogen isotope ratios (expressed as a δD-value) of the n-alkanes 173 
were subsequently measured on an Isotope Ratio Mass Spectrometer (IRMS). Three 174 
replicate measurements were performed on each sample. All δD values were normalised to 175 
the Vienna Standard Mean Ocean Water (VSMOW) scale using a linear regression function 176 
between measured and certified δD values of a standard mix. 177 
The alcohol/fatty acid fraction of the lipid extracts, containing the GDGTs, was analysed 178 
according to the latest chromatography method with improved separation of GDGT isomers 179 
(cf. Hopmans et al., 2016), using ultra high-performance liquid 180 
chromatography/atmospheric pressure chemical ionization-mass spectrometry 181 
(HPLC/APCI-MS). 182 
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All biomarker data was plotted in R 3.1.2 (R Core Team, 2014) using package “ggplot2” 183 
(Wickham, 2009). 184 
 185 
Results 186 
Modern leaf material 187 
The n-alkane composition of the leaf extracts from the 10 selected plant species (Table 1) 188 
is presented in Fig. 2. The n-alkane patterns comprise homologues in the chain length 189 
range C23–C33, with a strong odd-over-even preference. Most species are characterised by 190 
a unique n-alkane pattern. For instance, Calluna vulgaris, a common species of heathland 191 
and some bog types, contains high concentrations of C33, a chain length not commonly 192 
observed in the other taxa. Second, the number of major homologues present differs 193 
substantially between the individual species: e.g. Fagus sylvatica shows only one major n-194 
alkane peak (C27), whereas Quercus robur shows high concentrations of four chain length 195 
homologues. Some species, however, show very similar n-alkane distributions, such as 196 
Alnus glutinosa and Salix cinerea, which produce C27 and C29 in similar concentrations. Tilia 197 
spec. and Corylus avellana both show a high peak at C29 and a secondary dominant 198 
abundance of C31. Tree species Betula pendula produces both mid-length chains (C23 and 199 
C25) and longer chains (C27, C29 and C31). The distribution of grass species Phragmites 200 
australis is dominated by C29. The only analysed aquatic species, Nuphar lutea, contains n-201 
alkane homologues in the same range as the terrestrial species, with dominant 202 
contributions of C27 and C29.  203 
There are large differences in n-alkane concentrations between the different plant species. 204 
The concentration of the most abundant homologues in A. glutinosa, B. pendula, F. 205 
sylvatica, S. cinerea and C. vulgaris exceeds 100 µg/g dry leaf material. The major n-alkane 206 
homologue in Tilia spec. reaches 30 µg/g, while the other species contain concentrations of 207 
around 10 µg/g per homologue or less. The homologues of N. lutea do not exceed 2 µg/g 208 
dry leaf material.  209 
 210 
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Holocene sediment record  211 
Palynological data and C/N ratio 212 
A selection of taxa from the pollen percentage diagram is presented in Fig. 3. Our record 213 
includes part of the Atlantic, the Subboreal, and part of the Subatlantic biozone. The main 214 
contributors of arboreal pollen are Alnus and Quercus, while Betula and Corylus avellana 215 
are also present in relatively high abundances (Fig. 3). The percentage of arboreal pollen 216 
decreases gradually through time. Major changes occur at 3150 cal a BP when Ericaceae 217 
and Potamogeton percentages increase, and at 2500 cal a BP when Corylus avellana 218 
percentages decrease. 219 
Loss-on-ignition (LOI) and the carbon (C) content of the sediments are high throughout the 220 
sequence (Fig. 3), with values ranging from ~31% to ~86% and ~27% to ~43% 221 
respectively. LOI and C percentages correlate strongly, decreasing during the Subboreal 222 
zone compared to the Atlantic, and increasing from the Subatlantic onwards. Nitrogen (N) 223 
values also show a slight increase during the Subatlantic. The C/N ratio is high throughout 224 
the Atlantic and Subboreal zones (values >15), but decreases strongly from the start of the 225 
late-Subboreal to values close to 10 in the Subatlantic. The decrease in C/N values 226 
coincides with the decrease in Poaceae pollen percentages and increase in Ericaceae 227 
percentages at the start of the late-Subboreal (~3150 cal a BP).  228 
 229 
n-Alkane concentrations 230 
The total concentration of n-alkanes is high throughout the sequence, and varies between 231 
329 and 1317 µg/g C (Fig. 4). The carbon preference index is >5, indicating that 232 
degradation rates were low and that the n-alkanes are well preserved in the sediments 233 
(Allan & Douglas, 1977). The concentration records of the individual homologues show that 234 
the C23 n-alkane concentration is fairly constant through time, with a slightly higher 235 
abundance at the onset of the record. C25, C27 and C29 show largely consistent changes, 236 
with high abundances at the start of the record (Fig. 4), and a decrease in concentration 237 
during the Atlantic zone. Their concentrations increase during the Subboreal zone and drop 238 
suddenly at the start of the late-Subboreal, after which the concentrations continue to 239 
decrease toward the top of the record. Homologues C31 and C33 show low abundances in 240 
the Atlantic increase during the Subboreal and sharply rise at the Subboreal-Subatlantic 241 
transition. During the Subatlantic zone, their concentrations decrease along with the total 242 
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sum of n-alkanes. The changes in relative concentrations of the n-alkane homologues are 243 
summarised in the C27/C31-ratio (Fig. 4). The values of the C27/C31-ratio lie between 0.4 and 244 
3.1, starting with high values at the start of the Atlantic, decreasing to around 1 in the 245 
Subboreal zone. The ratio drops below 1 and remains stable at low values throughout the 246 
remainder of the record at the onset of the late-Subboreal zone.  247 
 248 
Plant wax hydrogen-isotope ratios  249 
The δD values of the odd numbered n-alkanes C23 to C31 could be measured throughout 250 
the core (except for C23 in five samples; Fig. 5). The hydrogen isotope composition of the 251 
other homologues (<C23 and >C31) could not be determined as their concentration in the 252 
samples was too low. The depth profile of δD reconstructed from C23 is most variable 253 
through time. 254 
Each homologue shows a slightly different trend during the Atlantic biozone: n-alkanes C27, 255 
C29 and C31 display a period of increased values between ~5600 and ~5000 cal a BP, each 256 
with a different amplitude. Homologue C25 shows gradually declining values, while C31 is 257 
relatively enriched (c. -175‰) in the deepest part of the core (6330-6000 cal a BP).  258 
The n-alkanes C25, C27, C29 and C31 show largely the same trend in δD values from the 259 
Subboreal zone onward: decreased values during the Subboreal until ~3500 cal a BP 260 
(averages of all Subboreal samples: -180‰, -177‰, -185‰ and -187‰ per homologue 261 
respectively), when they increase gradually to higher values during the late-Subboreal and 262 
Subatlantic (averages: -167‰, -172‰, -180‰ and -184‰ resp.). This amounts to shifts in 263 
δD values between 3500 and 3150 cal a BP of 13‰, 5‰, 5‰ and 3‰ respectively (first 264 
three values are higher than two times the mean standard deviation of all sample values 265 
calculated at 1.64‰). From 3150 cal a BP onwards, δD values appear to be stable for all 266 
homologues. 267 
 268 
BrGDGTs 269 
The ratio of branched and isoprenoid tetraethers (BIT) record for Uddelermeer shows 270 
values that are consistently close to 1, although they decrease slightly to 0.97 at ~3150 BP 271 
(Fig. 6A). BrGDGT concentrations vary between ~20 and 150 µg/g C, and are highest 272 
during the Atlantic, start of the Subboreal and Subatlantic biozones. The Isomer Ratio of 273 
pentamethylated brGDGTs (IRpenta: 6-methyl/[5-methyl + 6-methyl] of all pentamethylated 274 
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brGDGTs) is generally low, but increases from ~0.16 to ~0.21 at the Subboreal to late-275 
Subboreal transition at 3150 cal a BP. Due to the lack of a lake-specific transfer function 276 
based on brGDGT analysis with the new HPLC method with improved chromatography, 277 
MATs are based on the latest soil calibration of De Jonge et al. (2014a). Therefore, the 278 
temperature record should primarily be used to identify trends and relative changes, rather 279 
than absolute changes. The error associated with the soil calibration is 4.6⁰C (De Jonge et 280 
al., 2014a). However, this uncertainty is likely caused by the heterogeneity of soils in the 281 
global calibration dataset and accompanying variation in environmental parameters, and 282 
can be considered largely systematic. By applying the calibration to one location, as in our 283 
case, this systematic error should be much smaller, although unfortunately difficult to 284 
constrain. Reconstructed MATs reflect a cooling from 10 to 6 °C at 3150 cal a BP.  285 
Discussion 286 
Comparison of independent vegetation-derived palaeoenvironment proxies 287 
Sedimentary n-alkane record 288 
Although each species has a specific distribution of n-alkane chains (Fig. 2), interpretation 289 
of their signal in a lake sedimentary record is not straightforward as the alkane distribution 290 
in a lake sediment sample is composed of a mix of n-alkane homologues derived from 291 
different species at different ratios. Therefore, shifts in vegetation are usually expressed in 292 
changes of the ratios of certain n-alkane homologues (e.g. Ishiwatari et al., 2005; Jansen et 293 
al., 2008). Commonly applied ratios use C31 as an indicator for grass species (Maffei, 1996) 294 
and C27 or C29 for woody species (Cranwell, 1973; Jansen et al., 2006; D’Anjou et al., 2012; 295 
Zech et al., 2012). However, care must be taken when applying such ratios to a specific 296 
study site, as they are based on data from a large range of sites with different climates and 297 
ecosystems. Extrapolation can be erroneous because chain length patterns of modern 298 
plants can show substantial spatial variation (Zhang et al., 2004; Kirkels et al., 2013). The 299 
source of a certain n-alkane homologue may also be different between sites. For example, 300 
n-alkanes of mid-chain length (C23 and C25) are proposed to derive mainly from non-301 
emergent aquatic plant species in lakes (Ficken et al., 2000), but from Sphagnum species 302 
in peat bogs (Nott et al., 2000). Lake Uddelermeer presently does not contain high 303 
abundances of aquatic plants; the only aquatic species observed during coring was Nuphar 304 
lutea, which produces low amounts of n-alkanes in general and no C23. Betula pendula 305 
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growing around the lake produces medium to high concentrations of C23 and C25 n-alkanes 306 
(Fig. 2). 307 
The C27/C31-ratio of the Uddelermeer record captures the variation of n-alkanes throughout 308 
the core very well (Fig. 4). However, the C27/C31-ratio may not be indicative for woody 309 
versus grass species at this site. Instead, the C31-alkane in the Uddelermeer sediments 310 
derives most likely from Calluna vulgaris, as this plant species shows high C31-311 
concentrations (>125 µg/g dry leaf material; Fig. 2) in the modern plant measurements. 312 
Furthermore, of the grass species, Phragmites australis (reed) is expected to contribute the 313 
most biomass to the lake sediments, but it does not produce the C31 homologue (Fig. 2). 314 
The C27 homologue is most likely derived from tree species Alnus glutinosa and Salix 315 
cinerea, both common around lakes. Therefore, the C27/C31-ratio is more likely an indicator 316 
of closed (i.e. trees) versus open (i.e. heath) vegetation around Lake Uddelermeer, and 317 
thus reflects an expansion of the heathlands around the lake. 318 
A commonly used representation of n-alkane records is the average chain length (ACL). 319 
However, as the C27/C31-ratio in this case shows the same trend as the ACL curve, and as 320 
it is difficult to attribute changes in ACL to specific vegetation changes, we will focus on the 321 
C27/C31-ratio for our vegetation reconstruction. 322 
 323 
Local versus regional vegetation signals 324 
The C27/C31-ratio shows a gradual decrease from 6330 to ~4000 cal a BP and a relatively 325 
abrupt decrease at 3150 cal a BP, indicating that the vegetation around the lake became 326 
more open through time (Fig. 7). The decrease in C27/C31-values at ~3150 cal a BP is 327 
driven by a sudden drop in C27-alkane concentrations. The pollen diagram shows a similar 328 
but less obvious trend toward more openness through time, with declining arboreal pollen 329 
percentages (Fig. 3). This increased openness is likely the effect of increased human 330 
influence in the area. Alnus and Salix are relatively constant throughout the sequence, 331 
while Corylus avellana starts to significantly decrease after 2500 cal a BP (Subboreal-332 
Subatlantic transition). Ericaceae pollen percentages increase at 3150 cal a BP, but the C31 333 
n-alkane homologue (expected to be mainly produced by heath) does not follow the trend of 334 
the Ericaceae pollen curve. The discrepancy between the plant wax and pollen data is likely 335 
caused by the differences in source area of the two vegetation proxies. Pollen has its 336 
source in local, extra-local and regional vegetation (Faegri & Iversen, 1989; Moscol Olivera 337 
et al., 2009), whereas plant waxes are thought to mainly represent in situ plants and plants 338 
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growing on the lakeshore (Rao et al., 2011, Jansen et al., 2013), and should thus reflect the 339 
macrophyte vegetation and vegetation around the borders of the lake. Aerosol 340 
transportation is considered negligible compared to the high biomass input into the lake. 341 
Alternatively, a possible cause of the discrepancy between plant wax and pollen data is the 342 
source of plant waxes, which is confined to a limited number of plant species that dominate 343 
the n-alkane input into the sediments, e.g. certain tree species (Fig. 2). If these tree species 344 
are present around the lake throughout the sequence, changes in other species could be 345 
overshadowed. This might be the case with Potamogeton, which has been shown to 346 
produce mainly mid-chain length n-alkanes (e.g. Aichner et al. 2010). Where Potamogeton 347 
pollen increases from 3150 cal a BP, the C25 concentration declines and C23 remains 348 
unchanged. The contribution of Potamogeton to deposited mid-chain length n-alkanes may 349 
be insignificant compared to the contribution of e.g. Betula pendula. 350 
From the combined interpretation of the two vegetation proxies (n-alkanes and pollen) we 351 
can infer that at around 3150 cal a BP the lakeshore and area directly surrounding 352 
Uddelermeer became more open, shown by the decrease in n-alkane input from tree 353 
leaves. Heathland expands regionally at this time, as inferred from the pollen spectrum. 354 
Decreasing Corylus avellana pollen percentages suggest that a regional vegetation change 355 
occurs at 2500 cal a BP, consistent with a transition to wetter and cooler climate conditions 356 
(van Geel et al., 1996). The vegetation around the lake does not seem to have been 357 
affected at this time, as concentrations of sedimentary n-alkanes remain stable in this part 358 
of the record. However, when the n-alkane record seems stable, species that do not 359 
contribute much to the n-alkane signal might still have changed in abundance. Additionally, 360 
different species with the same n-alkane signature (such as Alnus glutinosa and Salix 361 
cinerea) could theoretically replace each other without a signal showing up in the 362 
sedimentary record. 363 
The combined interpretation of the proxies shows that biomarkers and pollen can be used 364 
to construct a robust and comprehensive picture of changing vegetation through time, 365 
especially when considering regional versus in situ vegetation change. 366 
 367 
Environmental change at Lake Uddelermeer around 3150 cal a BP 368 
Temperature 369 
The temperature record derived from changes in brGDGT distributions throughout the 370 
sediments of Uddelermeer indicates that MAT was 10 °C during the Subboreal biozone, 371 
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decreasing to about 6 °C in the Subatlantic biozone (Fig. 6A). This change is larger than 372 
expected. Quantitative temperature reconstruction based on brGDGTs in lakes may be 373 
complicated by mixed sources of brGDGTs archived in lacustrine sediments (Tierney and 374 
Russell, 2009). As well as in soils, brGDGTs may also be produced in the water column or 375 
in the lake sediment (e.g. Tierney and Russell, 2009; Loomis et al., 2011), which may 376 
overprint the soil brGDGT-signature delivered to the lake. Indeed, in situ, aquatic 377 
contribution has previously resulted in substantial underestimations of reconstructed MAT 378 
values upon application of brGDGT-based palaeothermometry on lake sediments (e.g. Zink 379 
et al., 2010; Blaga et al., 2010; Tierney et al., 2010).  380 
In the Uddelermeer sedimentary archive, BIT index values are consistently high (>0.96, Fig. 381 
6A). As the BIT ratio is linked to the relative input of soil material to the lake (where 1 382 
indicates a soil dominated signal; Hopmans et al., 2004), the high values suggest that 383 
aquatic contribution is limited in Uddelermeer. The fact that the concentration of 384 
crenarchaeol, the aquatic endmember of the BIT index (Hopmans et al., 2004), and the 385 
sum of all brGDGTs do not correlate, indicates that they have different sources (Fig. 6B). 386 
Additionally, the IRpenta, which indicates the relative contribution of 6-methyl brGDGTs, is 387 
low throughout the record (0.10-0.26; Fig. 6A), whereas high IR values have been reported 388 
for aquatic environments so far (>0.5; De Jonge et al., 2014b, Sinninghe Damsté, 2016). 389 
The IR shows a positive relation with pH in soils (De Jonge et al., 2014a), and the relatively 390 
high IR values found in the aquatic environment have subsequently been attributed to the 391 
generally higher pH of an aquatic system (e.g. De Jonge et al., 2014b). The slight increase 392 
in IRpenta from 3150 cal a BP onwards (from 0.16 to 0.21) may thus indicate either a decline 393 
in soil input caused by decreased erosion and subsequent decreased runoff, or a slight 394 
increase in primary production in the lake, although the range of this change is marginal 395 
compared to the range of values in the global soil calibration set (0-1.0; De Jonge et al., 396 
2014a). Nevertheless, this trend is supported by a simultaneous, albeit minor decrease in 397 
BIT index values (from 0.99 to 0.98), as well as in the C/N ratio of the lake sediment (Fig. 398 
3). The decreasing C/N ratio values at 3150 cal a BP indicate that either terrestrial OM input 399 
decreased or primary production in the lake increased (Kaushal & Binford, 1999). 400 
Alternatively, the increase in IRpenta may reflect a change in environmental conditions, such 401 
as an increase in soil pH due to drier conditions. An addition of in situ produced brGDGTs 402 
from 3150 cal a BP onwards may explain the larger than expected temperature drop 403 
observed around this time. 404 
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 405 
Hydrology  406 
The δD signal derived from plant waxes is thought to reflect the hydrogen-isotopic 407 
composition of plant leaf water and by extension precipitation, and can therefore be used to 408 
reconstruct hydrological changes through time (Kahmen et al., 2013; Sachse et al., 2012). 409 
The δD value of precipitation in temperate regions is mainly determined by air temperature 410 
(a decrease in temperature leads to a lower deuterium content of precipitation) and 411 
moisture source region (changing the transport distance of the air mass or the temperature 412 
of the moisture source of clouds; Sachse et al., 2012). 413 
However, interpretation of δD values of plant waxes is not unambiguous as is shown by the 414 
differences in δD values between the individual n-alkane homologues (Fig. 5). These 415 
variations may be due to different source organisms for each homologue (Sachse et al., 416 
2012). Additionally, the dominant source for each chain may change through time. Part of 417 
the differences in δD values between source organisms – and thus n-alkane homologues – 418 
can be caused by different sources of growth-water. For instance, the δD values of n-419 
alkane homologues produced by aquatic plant species track the δD values of the lake water 420 
(Guenther et al., 2013) and are not affected by evapotranspirative D enrichment as 421 
terrestrial plants are. The main n-alkane homologue thought to derive from aquatic plants is 422 
C23. The C23 n-alkane shows a δD signal different from the other homologues in the 423 
Uddelermeer sediments and is most variable through time. However, the major source of 424 
C23 in Uddelermeer may be Betula pendula, as indicated by the high concentrations of C23 425 
in its modern leaf material (Fig. 2) and its high abundance in the pollen assemblages (Fig. 426 
3). Alternatively, C23 may derive from a mixture of terrestrial and aquatic sources.  427 
The comparison of several vegetation-derived proxy-records enables us to identify changes 428 
in δD trends caused by vegetation change and to separate these from changes caused by 429 
climate. The change from relatively high δD values of C31 in the deepest part of the record 430 
(6330-6000 cal a BP) to lower values thereafter may be the result of a change in vegetation 431 
around the lake rather than a change in climate, as a decrease in the C27/C31 ratio around 432 
this time indicates a change in local vegetation. The most consistent δD change in the core 433 
sequence starts at 3500 cal a BP, predating the vegetation change at 3150 cal a BP. We 434 
interpret the δD increase at 3500 cal a BP as a climate signal, as the shift is present in four 435 
out of five n-alkane homologues and precedes the vegetation change by 350 years.  436 
 437 
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Late Holocene atmospheric circulation change in northwest Europe 438 
All Uddelermeer proxy records show strong changes at 3150 cal a BP, when changes in the 439 
concentrations of individual n-alkanes indicate an opening of the local vegetation, and 440 
brGDGTs and the decreasing C/N ratio indicate that the nature and source of OM input into 441 
the lake changed towards a larger contribution of aquatic produced matter. In addition, 442 
Engels et al. (2016) used a combination of ground-penetrating radar imagery, 443 
palaeoecology and sedimentology to reconstruct a decrease in lake levels to levels ~2.5 m 444 
lower than at present at 3150 cal a BP.  445 
All these changes closely follow a shift to higher values in our compound-specific δD-446 
records at 3500 cal a BP. This increase could be explained by three different mechanisms: 447 
i) an increase in air temperature, ii) an increase in evapotranspiration, or iii) a change in 448 
moisture source region. Although an increase in temperature or evapotranspiration could 449 
also explain the lower lake levels during the late-Subboreal at Uddelermeer, the brGDGT-450 
based MAT record indicates a trend towards cooler conditions. Furthermore, none of the 451 
records currently available for northwest Europe provide evidence for the occurrence of 452 
either increased temperature or evapotranspiration during this period. For instance, most 453 
peat bogs in northwest Europe show a shift to wetter conditions at the 2.8-kyr climate event 454 
and the Subboreal-Subatlantic transition, with no evidence for a preceding dry period (van 455 
Geel et al. 1996; Engels & van Geel, 2012; van Geel et al., 2014). The exception is a raised 456 
bog in northwest Ireland, where drier conditions around 2800 cal a BP preceded a 457 
subsequent shift to wetter conditions (Plunkett & Swindles, 2008). The delay in response 458 
might be due to local variability of the raised bog (e.g. hummocks are thought to be less 459 
responsive than hollows; Blaauw et al., 2004), but Plunkett & Swindles (2008) suggest that 460 
the non-uniform response to the 2.8-kyr event in European records might be due to high 461 
spatial complexity in the effect of changing atmospheric circulation. 462 
The dominant mode of variability of atmospheric circulation in the present-day climate in 463 
western Europe is the North Atlantic Oscillation (NAO; Olsen et al., 2012). The NAO index 464 
is calculated from the difference in atmospheric pressure between the Icelandic low and the 465 
Azores high, and controls the strength and direction of the westerly winds and storm tracks 466 
across the North Atlantic. NAO influences both temperature and precipitation patterns, and 467 
influences oceanic circulation and Arctic sea ice distribution as well (e.g. Strong et al., 468 
2009). When the index is positive, northern Europe and the eastern United States tend to 469 
be mild and wet, while Greenland and northern Canada display cold and dry conditions. A 470 
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strong NAO control was found in the instrumental record of δ18O values of precipitation in 471 
Europe, especially during the winter months (Field, 2010). The mean δ18O of precipitation 472 
appears to be higher during positive NAO phases (consistent with higher temperatures and 473 
increased precipitation; Baldini et al., 2008; Field, 2010; Langebroek et al., 2011). This 474 
effect is most pronounced in central western Europe (Langebroek et al., 2011), where 475 
higher δ18O values in the instrumental record were associated with a northward shift in the 476 
storm track and increasing southwesterly flow (Field, 2010). Western sites have a general 477 
tendency towards higher values, being marine-influenced (Langebroek et al., 2011). As δD 478 
in meteoric water is linearly related to δ18O (Craig, 1961), δD would be similarly affected by 479 
NAO phase. 480 
As the instrumental record shows a strong relationship between NAO phase and δ18O, it 481 
should be possible to identify large-scale changes in NAO phases in past records of the 482 
isotopic composition of precipitation (Langebroek et al. 2011). The increase in δD values in 483 
our record would suggest a shift to more positive NAO from 3500 cal a BP onwards, which 484 
is in line with increased precipitation identified at nearby peat bogs (Engbertsdijkveen, Fig. 485 
1A; van Geel et al., 1996). However, Rach et al. (revised) report a long-term trend of 486 
decreasing δD values between 3200 and 2000 varve a BP at nearby Meerfelder Maar (Fig. 487 
1A, Fig. 7), consistent with atmospheric conditions resembling negative NAO conditions. 488 
Olsen et al. (2012) provide a record of past NAO phases reconstructed from a combination 489 
of records. They show that the NAO changed from mostly positive between 5000 and 4500 490 
cal a BP to variable, intermittently negative conditions between 4500 and 2000 cal a BP 491 
(Fig. 7). Similarly, Martin-Puertas et al. (2012) modelled sea level pressure during the 492 
Homeric minimum and argue that atmospheric conditions resembling a negative NAO 493 
phase prevailed during this period. A negative NAO phase is in line with the decreasing δD 494 
values at Meerfelder Maar, suggesting that the NAO signal was overprinted by other factors 495 
at Lake Uddelermeer. This is corroborated by the results of Baldini et al. (2008), who show 496 
that the in the instrumental record, the link between δ18O and NAO is stronger at sites close 497 
to Meerfelder Maar (such as Wasserkuppe Rhoen and Koblenz), than at the more north-498 
western sites closer to Uddelermeer (such as Emmerich; see also Supplementary 499 
Information). Baldini et al. (2008) further explain that the impact of the NAO index on δ18O 500 
in central Europe is caused by the higher frequency of cold easterly winds carrying 501 
isotopically depleted precipitation during negative NAO phases. As Uddelermeer lies in a 502 
more maritime area than Meerfelder Maar, it might be influenced more by warmer westerly 503 
winds carrying 18O- and D-enriched precipitation from the North Atlantic, prevailing even 504 
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during negative NAO. Alternatively, the increase in δD values at Lake Uddelermeer was 505 
caused by a change in moisture source unrelated to NAO, while the decline in δD values at 506 
Meerfelder Maar was caused by increased humidity. This would be in line with increased 507 
humidity at the Subboreal-Subatlantic transition inferred from terrestrial records in 508 
northwest Europe (van Geel et al., 2014). 509 
Although changing atmospheric circulation (whether related to NAO phases or not) may 510 
explain the increase in δD values at Lake Uddelermeer, the change predates the 2.8-kyr 511 
climate event by ~700 years. This is in line with the review of ~50 palaeoclimatic records 512 
from across the globe that showed complex changes in climate occur between 3500 and 513 
2500 cal a BP (Mayewski et al., 2004). Apart from the different nature of responses to the 514 
2.8-kyr event, it is also possible that the timing of responses is variable. Alternatively, 515 
different sensitivities of the δD of leaf waxes and other proxies used to define the 2.8-kyr 516 
event may be responsible for this apparent delay. 517 
Conclusions 518 
We applied a combination of molecular palaeoecological techniques to a sediment core 519 
from Lake Uddelermeer spanning part of the middle and late Holocene (6300-1500 cal a 520 
BP), and compared our results to existing palynological data to reconstruct changes in 521 
vegetation and atmospheric circulation patterns around the 2.8-kyr event. 522 
Firstly, a comparison of plant wax distributions in sediment samples to those in modern 523 
plant material collected from the vicinity of Lake Uddelermeer reveals a change in the local 524 
vegetation from tree-dominated (Alnus and Salix) to open heathland at ~3150 cal a BP. 525 
Palynological data show a similar, but less obvious trend, toward more open vegetation in 526 
the area, supporting the use of n-alkanes as an additional proxy for past vegetation 527 
changes. BrGDGT-derived MAT reconstruction indicates a cooling trend coinciding with the 528 
opening of the landscape around the lake. Furthermore, brGDGT distributions and the C/N 529 
ratio indicate a change in OM source around 3150 BP, possibly related to a decreased 530 
input of terrestrial biomass into the lake, increased productivity in the water column, and/or 531 
a lowering of lake levels. 532 
Secondly, the δD-values of most n-alkanes show an increase at 3500 cal a BP (range of 533 
change 3-15‰), which may have been caused by an increase in air temperature, an 534 
increase in evapotranspiration or a change in moisture source region/pathway. An increase 535 
in air temperature is unlikely, as indicated by the brGDGT record. Increases in 536 
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evapotranspiration are not in line with increased humidity in most of the records of 537 
northwest Europe. We therefore argue that a change in moisture source pathway caused 538 
by a change in atmospheric circulation is the most likely driver of the changes we observe 539 
in our δD-record. Plant wax δD values from Lake Meerfelder Maar in west Germany show a 540 
trend that is opposite to that in the Lake Uddelermeer sediments between 3200 and 2000 541 
cal a BP, possibly caused by a situation resembling a negative NOA phase.  Confounding 542 
factors related to the more maritime position of Uddelermeer could cause the opposite shift 543 
observed there. Alternatively, δD values at Meerfelder Maar might be mostly affected by 544 
increased humidity (decreased evapotranspiration), while at Uddelermeer a change in 545 
atmospheric circulation (unrelated to NAO) was a stronger driver. A non-uniform response 546 
to atmospheric circulation change may also explain the different timing of the event, 547 
causing the changes at Uddelermeer to occur at 3500 and 3150 cal a BP as opposed to 548 
2800 cal a BP. 549 
This study shows the importance of combining well-understood traditional proxies and novel 550 
techniques to deduce a robust and complete picture of vegetation change, and a better 551 
understanding of the mechanisms underlying climate change in the Holocene. 552 
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Table 1. Plant species analysed for their n-alkane 
patterns, common names, and location of collection (see 
Fig. 1). 
Scientific name Common name Location 
Alnus glutinosa Black alder Bleke meer 
Betula pendula Silver birch Uddelermeer 
Corylus avellana Common hazel Uddelermeer 
Fagus sylvatica Common beech Uddelermeer 
Quercus robur English oak Uddelermeer 
Salix cinerea Grey willow Uddelermeer 
Tilia spec.* Lime Uddelermeer 
Calluna vulgaris Common heather Alba 
Phragmites australis Common reed Uddelermeer 
Nuphar lutea Yellow water-lily Kievitsveld 
*Not identified to species level; probably the naturally 
occurring hybrid Tilia × europaea, common lime 
 
 772 
773 
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Captions 774 
Figure 1. Map of The Netherlands and parts of surrounding countries (A) showing the 775 
location of our study site Lake Uddelermeer (UDD) and two sites mentioned in the text; 776 
Engbertsdijkveen (EDV) and Meerfelder Maar (MFM). Enlarged map of the area around 777 
Lake Uddelermeer (B) and the location of three other lakes where modern plant material 778 
was collected.  779 
 780 
Figure 2. Distribution of n-alkanes extracted from the modern material (leaves) of ten plant 781 
species. The plant type is indicated in the right-hand corner of each graph (A = aquatic, G = 782 
grass, S = shrub, T = tree). Note that the y-axis is differently scaled for each row. Common 783 
names of the plant species and collection sites can be found in Table 1.  784 
 785 
Figure 3. Microfossil diagram (main diagram and selected taxa (%)) and soil chemical 786 
parameters (loss-on-ignition, carbon content, nitrogen content and C/N ratio) for 787 
Uddelermeer core UDD-E. All data expressed as percentages, except for the C/N ratio. 788 
Zonation was determined by Engels et al. (2016). 789 
 790 
Figure 4. n-Alkane abundances for Uddelermeer core UDD-E. The figure shows the odd 791 
C23 to C33 homologues separately, the sum of all n-alkane homologues (Sum), and the ratio 792 
of C27 over C31. All variables except the C27/C31-ratio are expressed as µg/g C. The right-793 
hand side column shows the biozones as derived from palynological analyses (Fig. 3). Note 794 
the different x-axes used for each graph.  795 
 796 
Figure 5.  Hydrogen-isotopic ratios of five n-alkanes with high concentrations in the 797 
sedimentary samples. Averages of three replicate measurements of each sample are 798 
plotted with their standard deviations. Grey lines represent the moving averages over three 799 
samples. Zonation as derived from palynological analyses (Fig. 3). Note the different x-axes 800 
used for each graph. 801 
 802 
Figure 6. BrGDGT data (A). From left to right: BIT index, sum of brGDGTs (µg/g C), Isomer 803 
Ratio (IRpenta) and MAT (°C). Zonation as derived from palynological analyses (Fig. 3). 804 
Correlation between the concentration of crenarchaeol and the sum of all brGDGTs (B). 805 
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 806 
Figure 7. Summary figure of proxy-records from Uddelermeer (A). Uddelermeer records 807 
from left to right: main pollen diagram (%); LOI (%), C/N ratio; C27/C31 n-alkane ratio; 808 
moving average of δD ratio of n-alkane C29 (δD vs. VSMOW in ‰); brGDGT-derived MAT 809 
(°C). Zonation as derived from palynological analyses (Fig. 3). Expected NAO phase as 810 
reconstructed by Olsen et al. (2012) on the time scale of Lake Uddelermeer (B); either 811 
predominantly positive, or intermittently negative. δD record of Meerfelder Maar (C), 812 
showing the δD ratio of n-alkanes C29 and C31 (δD vs. VSMOW in ‰). 813 
 814 
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Map of The Netherlands and parts of surrounding countries (A) showing the location of our study site Lake 
Uddelermeer (UDD) and two sites mentioned in the text; Engbertsdijkveen (EDV) and Meerfelder Maar 
(MFM). Enlarged map of the area around Lake Uddelermeer (B) and the location of three other lakes where 
modern plant material was collected.  
Figure 1  
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Distribution of n-alkanes extracted from the modern material (leaves) of ten plant species. The plant type is 
indicated in the right-hand corner of each graph (A = aquatic, G = grass, S = shrub, T = tree). Note that 
the y-axis is differently scaled for each row. Common names of the plant species and collection sites can be 
found in Table 1.  
Figure 2  
82x40mm (300 x 300 DPI)  
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Microfossil diagram (main diagram and selected taxa (%)) and soil chemical parameters (loss-on-ignition, 
carbon content, nitrogen content and C/N ratio) for Uddelermeer core UDD-E. All data expressed as 
percentages, except for the C/N ratio. Zonation was determined by Engels et al. (2016).  
Figure 3  
92x49mm (300 x 300 DPI)  
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n-Alkane abundances for Uddelermeer core UDD-E. The figure shows the odd C23 to C33 homologues 
separately, the sum of all n-alkane homologues (Sum), and the ratio of C27 over C31. All variables except 
the C27/C31-ratio are expressed as µg/g C. The right-hand side column shows the biozones as derived from 
palynological analyses (Fig. 3). Note the different x-axes used for each graph.  
Figure 4  
73x32mm (300 x 300 DPI)  
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Hydrogen-isotopic ratios of five n-alkanes with high concentrations in the sedimentary samples. Averages of 
three replicate measurements of each sample are plotted with their standard deviations. Grey lines 
represent the moving averages over three samples. Zonation as derived from palynological analyses (Fig. 
3). Note the different x-axes used for each graph.  
Figure 5  
73x32mm (300 x 300 DPI)  
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BrGDGT data (A). From left to right: BIT index, sum of brGDGTs (µg/g C), Isomer Ratio (IRpenta) and MAT 
(°C). Zonation as derived from palynological analyses (Fig. 3). Correlation between the concentration of 
crenarchaeol and the sum of all brGDGTs (B).  
Figure 6  
76x33mm (300 x 300 DPI)  
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Summary figure of proxy-records from Uddelermeer (A). Uddelermeer records from left to right: main pollen 
diagram (%); LOI (%), C/N ratio; C27/C31 n-alkane ratio; moving average of δD ratio of n-alkane C29 (δD 
vs. VSMOW in ‰); brGDGT-derived MAT (°C). Zonation as derived from palynological analyses (Fig. 3). 
Expected NAO phase as reconstructed by Olsen et al. (2012) on the time scale of Lake Uddelermeer (B); 
either predominantly positive, or intermittently negative. δD record of Meerfelder Maar (C), showing the δD 
ratio of n-alkanes C29 and C31 (δD vs. VSMOW in ‰).  
Figure 7  
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SUPPLEMENTARY INFORMATION 
 
Extended description of methods used for biomarker analysis 
 
Elemental analysis, lipid extraction and fractionation 
Prior to lipid extraction, the carbon, nitrogen, and sulphur content was measured 
using ~5 mg of each sediment sample, using an Elemental Analyzer (VarioELCube, 
Elementar group, Hanau, Germany). The C/N ratio was calculated from the carbon 
(C) and nitrogen (N) concentrations. Approximately 0.1-0.2 g of each of the leaf 
samples and 1 g sediment sub-samples were processed using a Dionex 200 
accelerated solvent extraction (ASE) system following the method of Jansen et al. 
(2006a, 2006b). A blank was added every ten samples as a negative control and an 
internal standard (5α-androstane) was added to both sub-samples and blanks prior 
to lipid extraction. 
As the sulphur content of the sediment samples was found to be high (between ~0.4 
and ~1.1%; results not shown), the extracts were desulphurised by elution through a 
copper column. Hereafter, the extracts of both modern plant and sediment samples 
were separated into an aliphatic, aromatic and alcohol/fatty acid fraction by solid 
phase extraction. To this end the extracts were loaded on activated silica columns 
and eluted with subsequently hexane, hexane/DCM (4:1 v/v) and DCM/MeOH (9:1 
v/v) for each fraction respectively (Sachse et al., 2004). 
 
n-Alkane identification and quantification 
The first fraction (aliphatic fraction), containing the n-alkanes, was analysed by gas 
chromatography-mass spectrometry (GC/MS) at the University of Amsterdam. The 
sample was injected into a ThermoQuest Trace GC 2000 gas chromatograph 
connected to a Finnigan Trace MS quadrupole mass spectrometer. The injection 
protocol and temperature programming followed Jansen et al. (2006a). The peak 
areas for each n-alkane homologue were compared to the peak areas from the 
internal standard (5α-androstane) and an external n-alkane standard mixture for 
absolute quantification. 
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As each plant species was expected to display a unique lipid composition, the n-
alkane composition of the leaf extracts of the individual modern plant species were 
visually compared to test for such uniqueness, following Jansen et al. (2006a). The 
ratios of n-alkanes of various chain lengths within the extract from the sediment 
samples were subsequently investigated and compared to the lipid patterns in the 
plant species to enable a reconstruction of past vegetation changes. The carbon 
preference index (CPI) of the sediment samples was determined as an estimate of 
origin and preservation condition (Allen & Douglas, 1977; Jansen et al., 2008). 
 
Analysis of n-alkane hydrogen isotope ratios 
The aliphatic fraction was further fractionated on a Pasteur pipette column containing 
activated AgNO3 (10%) coated silica gel, to separate the alkanes (solvent: hexane) 
from the alkenes (solvent: DCM) prior to isotope ratio measurements. Compound-
specific hydrogen isotope ratios (expressed as a δD-value) of the n-alkanes were 
subsequently measured on a Thermo Delta V Plus Isotope Ratio Mass Spectrometer 
(IRMS) coupled to a Thermo Trace 1310 GC with an Agilent DB-5 column (30 m x 
0.25 mm x 0.25 µm film) via a Thermo GC Isolink and a pyrolysis furnace operated 
at 1420°C at the University of Potsdam. The temperature program started at 70°C, 
was held for 2min, then increased to 150°C (at 15°C/min) and then to 320°C (at 
5°C/min) and held for 10 min. The injector operated in splits mode at 300°C and 
injected 1 µl of each sample. Three replicate measurements were performed on 
each sample. 
The ion source stability was monitored every day by measuring the H3
+ factor and 
remained constant throughout the measurement period (mean=4.6 ppm nA-1; 
SD=0.04; n=18). All δD values were normalised to the Vienna Standard Mean Ocean 
Water (VSMOW) scale using a linear regression function between measured and 
certified δD values of a standard mix (Mix A; A. Schimmelmann, University of 
Indiana) of 15 externally calibrated n-alkanes. Mix A was measured in triplicates 
before and after each sequence of three samples. Another certified n-alkane mix 
(Mix B) was used to cross-validate the standardisation results and check for the 
minimum sample amount required for reliable measurements. Based on these 
measurements, it was decided to only use peaks with a height above 1500mV for 
evaluation. The mean standard deviation of all analysed A-Mix standards was 2.12‰ 
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(n=255). The mean standard deviation of all reported sample values was 1.64‰ 
(n=290). 
 
BrGDGTs 
A known amount of C46 GDGT standard was added to the alcohol/fatty acid fraction 
of the lipid extracts before measurement (cf. Huguet et al., 2006). The fraction was 
then redissolved in hexane/isopropanol (99:1 v/v) and filtered over a 0.45 µm PTFE 
filter. The GDGTs were analysed according to the latest chromatography method 
with improved separation of GDGT isomers (cf. Hopmans et al., 2016) using ultra 
high-performance liquid chromatography/atmospheric pressure chemical ionization-
mass spectrometry (HPLC/APCI-MS) with an Agilent 1290 Infinity series UHPLC/MS 
at Utrecht University. The GDGTs were separated over two silica Waters Acquity 
UPLC HEB Hilic (1.7µm, 2.1mm x 150mm) columns at 30°C, preceded by a guard 
column of the same material by eluting them isocratically using 82% A and 18% B for 
25 min at a flow rate of 0.2ml/min, and then with a linear gradient to 70% A and 30% 
B for 25 min, where A=hexane and B=hexane:isopropanol 9:1. Selected ion 
monitoring mode was used to detect the 15 brGDGTs identified by De Jonge et al. 
(2014), and quantified using Chemstation software B.04.02. 
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Concentration (μg/g C)
isoprenoid GDGTs branched GDGTs
Age GDGT-0 GDGT-1 GDGT-2 GDGT-3
crenarcha
eol
crenarcha
eol'
IIIa IIIa' IIIb
1502 18.00 1.32 0.50 0.13 1.99 0.10 7.33 1.97 0.00
1605 18.06 1.11 0.67 0.16 1.84 0.06 7.11 1.78 0.00
1708 22.95 1.43 1.25 0.25 3.26 0.17 9.21 1.80 0.00
1810 18.96 1.12 1.17 0.20 2.04 0.07 6.60 2.84 0.00
1990 16.71 1.05 0.98 0.17 1.90 0.08 6.05 1.68 0.00
2208 16.06 0.95 0.94 0.17 1.28 0.00 5.80 1.99 0.00
2412 12.38 0.92 0.86 0.18 1.91 0.07 5.37 0.73 0.00
2474 17.94 1.10 0.96 0.20 1.92 0.06 6.78 2.35 0.00
2547 19.24 1.34 1.11 0.23 1.73 0.10 7.34 1.89 0.00
2694 19.63 1.79 1.32 0.26 2.07 0.08 6.67 2.15 0.00
2756 4.38 0.38 0.28 0.06 0.44 0.02 1.64 0.44 0.00
2888 18.27 1.54 1.08 0.20 1.52 0.09 5.10 1.83 0.00
2931 15.99 1.57 0.94 0.20 1.68 0.05 5.81 1.20 0.00
2973 17.76 1.41 0.80 0.20 1.60 0.08 5.40 1.83 0.00
3088 11.27 1.11 0.70 0.17 1.18 0.04 4.25 1.00 0.00
3228 17.83 1.68 1.10 0.26 1.65 0.07 6.09 1.23 0.00
3359 14.78 1.57 1.25 0.45 0.72 0.03 4.06 0.73 0.00
3489 19.04 1.91 1.00 0.54 0.61 0.03 4.62 0.79 0.00
3617 12.70 1.69 0.81 0.42 0.74 0.03 3.80 0.64 0.00
3684 11.17 1.45 0.58 0.41 0.47 0.02 3.12 0.44 0.00
3751 24.21 2.96 1.29 0.76 1.06 0.04 6.09 0.98 0.00
3818 17.58 2.17 0.87 0.46 1.58 0.03 5.68 1.49 0.00
3884 13.56 1.74 0.78 0.44 0.79 0.04 3.64 0.76 0.00
3951 12.59 1.16 0.55 0.49 0.46 0.02 3.04 0.49 0.00
4017 23.56 2.06 0.87 0.66 0.89 0.05 5.28 0.65 0.00
4083 15.88 1.35 0.52 0.23 0.50 0.01 3.47 0.69 0.00
4150 20.03 1.94 0.59 0.29 0.71 0.03 4.75 1.09 0.00
4290 15.03 1.39 0.51 0.21 0.74 0.02 3.60 0.66 0.00
4434 22.96 1.96 0.82 0.38 1.44 0.05 5.79 1.08 0.00
4576 26.34 2.81 0.96 0.44 1.93 0.08 7.26 0.92 0.00
4717 29.40 2.63 1.08 0.53 2.08 0.06 7.68 1.19 0.00
4862 19.64 2.79 0.76 0.27 1.57 0.05 5.44 0.94 0.00
5007 20.50 2.42 0.71 0.33 1.77 0.07 5.40 1.18 0.00
5152 28.03 4.29 1.05 0.57 2.27 0.05 9.36 1.38 0.00
5295 17.29 1.32 0.56 0.76 0.54 0.02 5.36 0.62 0.00
5438 23.71 1.79 0.63 0.57 0.68 0.02 6.58 1.20 0.00
5580 21.47 1.77 0.58 0.35 0.91 0.02 9.78 0.92 0.00
5722 21.49 1.81 0.59 0.20 1.11 0.02 10.33 1.17 0.00
5861 15.67 1.55 0.46 0.18 1.10 0.03 9.26 1.38 0.00
6016 16.82 1.77 0.56 0.28 0.80 0.03 8.69 1.56 0.00
6093 17.82 1.71 0.72 0.24 0.79 0.02 10.86 1.49 0.00
6171 22.12 1.70 0.65 0.20 0.23 0.00 11.04 2.78 0.00
6249 8.41 0.70 0.27 0.12 0.10 0.00 3.78 0.64 0.00
6327 14.16 1.14 0.45 0.18 0.14 0.01 5.42 1.06 0.00
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IIIb' IIIc IIIc' IIa IIa' IIb IIb' IIc IIc' Ia
0.00 0.00 0.00 25.22 6.44 0.97 0.49 0.28 0.04 30.76
0.00 0.00 0.00 26.75 4.48 0.99 0.32 0.31 0.02 34.42
0.00 0.00 0.00 37.46 6.87 1.36 0.55 0.43 0.01 50.21
0.00 0.00 0.00 25.21 8.22 1.13 0.74 0.30 0.01 35.65
0.00 0.00 0.00 20.22 6.91 0.74 0.53 0.21 0.04 26.16
0.00 0.00 0.00 22.62 6.16 0.90 0.45 0.26 0.01 32.75
0.00 0.00 0.00 16.72 3.82 0.70 0.31 0.19 0.00 23.26
0.00 0.00 0.00 23.61 6.65 0.91 0.48 0.24 0.00 32.88
0.00 0.00 0.00 25.33 7.49 0.98 0.42 0.30 0.00 37.08
0.00 0.00 0.00 27.13 8.18 1.10 0.59 0.33 0.00 41.78
0.00 0.00 0.00 6.11 1.99 0.24 0.15 0.07 0.00 9.18
0.00 0.00 0.00 22.42 7.34 0.88 0.57 0.25 0.00 38.86
0.00 0.00 0.00 21.42 5.80 0.82 0.39 0.23 0.00 34.08
0.00 0.00 0.00 21.42 6.51 0.89 0.48 0.24 0.01 33.22
0.00 0.00 0.00 17.58 4.46 0.67 0.25 0.22 0.00 31.58
0.00 0.00 0.00 31.67 6.76 1.17 0.31 0.42 0.00 56.92
0.00 0.00 0.00 25.01 5.19 1.05 0.21 0.38 0.00 51.21
0.00 0.00 0.00 30.40 4.59 1.25 0.17 0.45 0.00 61.89
0.00 0.00 0.00 25.11 4.82 0.99 0.24 0.38 0.00 52.38
0.00 0.00 0.00 20.32 2.70 0.76 0.09 0.28 0.00 40.64
0.00 0.00 0.00 40.52 7.37 1.57 0.31 0.57 0.00 83.54
0.00 0.00 0.00 30.33 7.03 1.21 0.40 0.44 0.00 62.29
0.00 0.00 0.00 23.22 4.57 0.95 0.24 0.35 0.00 47.30
0.00 0.00 0.00 20.91 3.29 0.86 0.13 0.31 0.00 42.00
0.00 0.00 0.00 30.41 5.69 1.17 0.23 0.39 0.00 57.57
0.00 0.00 0.00 19.32 4.05 0.76 0.21 0.25 0.00 37.77
0.00 0.00 0.00 25.02 5.52 1.01 0.33 0.33 0.00 48.01
0.00 0.00 0.00 16.15 3.66 0.71 0.20 0.22 0.00 31.00
0.00 0.00 0.00 28.09 5.84 1.14 0.27 0.39 0.00 51.24
0.00 0.00 0.00 29.71 5.96 1.26 0.34 0.46 0.00 53.40
0.00 0.00 0.00 35.29 6.47 0.90 0.28 0.64 0.00 63.63
0.00 0.00 0.00 21.72 4.39 0.99 0.22 0.31 0.00 36.49
0.00 0.00 0.00 24.92 3.88 1.05 0.21 0.35 0.00 43.93
0.00 0.00 0.00 37.39 6.18 1.67 0.39 0.60 0.00 65.22
0.00 0.00 0.00 31.45 3.41 1.18 0.13 0.49 0.00 56.21
0.00 0.00 0.00 29.31 6.30 1.02 0.36 0.80 0.00 49.13
0.00 0.00 0.00 39.68 5.90 1.77 0.36 0.48 0.00 63.35
0.00 0.00 0.00 38.32 6.27 1.29 0.32 0.52 0.00 58.31
0.00 0.00 0.00 30.80 5.11 1.11 0.25 0.44 0.00 45.95
0.00 0.00 0.00 30.83 5.80 1.24 0.27 0.46 0.02 54.37
0.00 0.00 0.00 34.34 5.71 1.22 0.36 0.46 0.00 54.47
0.00 0.00 0.00 37.40 8.79 1.51 0.50 0.50 0.00 58.83
0.00 0.00 0.00 16.08 3.35 0.75 0.34 0.29 0.00 25.55
0.00 0.00 0.00 22.12 4.29 1.10 0.32 0.33 0.00 33.86
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Calculations
Ib Ic
Total 
brGDGTs
MATmr BIT index IR [penta] IR [hexa]
#rings-
tetra
#rings-
penta
1.81 0.36 75.68 5.37 0.97 0.20 0.21 0.08 0.06
2.01 0.42 78.63 5.77 0.98 0.14 0.20 0.08 0.06
2.82 0.59 111.32 6.09 0.97 0.15 0.16 0.07 0.06
2.90 0.49 84.09 6.94 0.97 0.25 0.30 0.10 0.07
1.65 0.29 64.50 5.96 0.97 0.25 0.22 0.08 0.05
2.24 0.37 73.56 6.95 0.98 0.21 0.26 0.08 0.06
1.55 0.26 52.92 6.58 0.96 0.19 0.12 0.08 0.06
2.12 0.33 76.35 6.55 0.97 0.22 0.26 0.08 0.06
2.33 0.41 83.58 6.98 0.98 0.23 0.20 0.08 0.06
2.79 0.50 91.23 7.48 0.98 0.23 0.24 0.08 0.06
0.63 0.11 20.55 7.29 0.98 0.25 0.21 0.09 0.06
2.50 0.43 80.18 8.45 0.98 0.25 0.26 0.08 0.06
2.17 0.39 72.31 7.72 0.98 0.21 0.17 0.08 0.06
2.21 0.41 72.61 7.54 0.98 0.23 0.25 0.08 0.06
1.92 0.39 62.32 8.78 0.98 0.20 0.19 0.08 0.06
3.32 0.75 108.64 8.82 0.98 0.18 0.17 0.08 0.06
2.94 0.80 91.57 10.05 0.99 0.17 0.15 0.08 0.07
3.56 0.99 108.71 10.07 0.99 0.13 0.15 0.08 0.07
2.88 0.82 92.06 10.22 0.99 0.16 0.14 0.08 0.07
2.16 0.64 71.13 9.86 0.99 0.12 0.12 0.08 0.06
4.57 1.42 146.93 10.14 0.99 0.15 0.14 0.08 0.06
3.63 1.50 113.98 10.18 0.99 0.19 0.21 0.10 0.07
2.76 0.79 84.57 10.05 0.99 0.16 0.17 0.09 0.07
2.44 0.75 74.19 9.99 0.99 0.14 0.14 0.09 0.07
3.43 0.90 105.73 9.39 0.99 0.16 0.11 0.08 0.06
2.27 0.53 69.31 9.63 0.99 0.17 0.17 0.08 0.06
3.07 0.71 89.84 9.50 0.99 0.18 0.19 0.09 0.06
2.00 0.48 58.69 9.49 0.99 0.18 0.16 0.09 0.07
3.44 1.00 98.27 9.17 0.98 0.17 0.16 0.10 0.07
3.87 1.12 104.30 9.11 0.98 0.17 0.11 0.10 0.07
4.50 1.23 121.82 9.12 0.98 0.15 0.13 0.10 0.06
2.64 0.85 73.98 8.53 0.98 0.17 0.15 0.11 0.07
2.92 0.95 84.79 8.90 0.98 0.13 0.18 0.10 0.07
4.68 1.29 128.16 8.82 0.98 0.14 0.13 0.10 0.07
3.13 0.95 102.93 8.88 0.99 0.10 0.10 0.08 0.07
2.82 0.70 98.23 8.18 0.99 0.18 0.15 0.08 0.08
3.37 0.88 126.48 7.69 0.99 0.13 0.09 0.08 0.07
3.03 0.75 120.32 7.22 0.99 0.14 0.10 0.07 0.06
2.69 0.72 97.70 7.16 0.99 0.14 0.13 0.08 0.06
2.91 0.79 106.95 8.58 0.99 0.16 0.15 0.08 0.07
2.89 0.75 112.56 7.61 0.99 0.14 0.12 0.08 0.06
2.98 0.74 125.07 7.48 1.00 0.19 0.20 0.07 0.06
1.39 0.35 52.51 7.65 1.00 0.17 0.14 0.08 0.08
1.77 0.42 70.70 7.27 1.00 0.16 0.16 0.07 0.07
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#rings-
penta'
%tetra %penta %hexa
0.08 43.52 44.19 12.30
0.07 46.87 41.81 11.32
0.08 48.17 41.94 9.89
0.09 46.42 42.36 11.22
0.08 43.58 44.44 11.98
0.07 48.07 41.33 10.60
0.08 47.38 41.10 11.52
0.07 46.26 41.78 11.96
0.05 47.65 41.30 11.04
0.07 49.41 40.92 9.68
0.07 48.26 41.61 10.13
0.07 52.12 39.24 8.64
0.06 50.67 39.64 9.69
0.07 49.36 40.70 9.95
0.05 54.38 37.20 8.41
0.04 56.14 37.12 6.74
0.04 60.01 34.76 5.23
0.04 61.12 33.90 4.98
0.05 60.92 34.25 4.82
0.03 61.06 33.94 5.00
0.04 60.93 34.26 4.81
0.05 59.14 34.56 6.29
0.05 60.12 34.68 5.21
0.04 60.91 34.35 4.75
0.04 58.55 35.84 5.61
0.05 58.53 35.47 5.99
0.06 57.65 35.85 6.50
0.05 57.04 35.70 7.26
0.04 56.65 36.36 6.99
0.05 55.99 36.18 7.84
0.04 56.94 35.78 7.28
0.05 54.03 37.35 8.62
0.05 56.37 35.87 7.76
0.06 55.54 36.08 8.38
0.04 58.57 35.62 5.81
0.05 53.60 38.47 7.92
0.06 53.44 38.10 8.46
0.05 51.61 38.83 9.55
0.05 50.52 38.59 10.89
0.05 54.30 36.11 9.58
0.06 51.63 37.40 10.97
0.05 50.01 38.94 11.05
0.09 51.96 39.61 8.42
0.07 51.00 39.83 9.17
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GNIP data for The Netherlands and Germany 
 
 
A 
 
B 
Figure S1: Mean δ
18
O values of precipitation for the period 1980-2000 from the Global 
Network of Isotopes in Precipitation database; stations between longitude 4-10°E and latitude 
49-54°N. Annual averages (A) and winter averages (B). 
Stations were only taken into account if averages could be calculated over at least 5 years in 
the 1980-2000 interval. For winter averages, the months January, February, and December of 
the previous year were taken into account; only years with data on all three of these months 
were included. 
Sites in more maritime areas (north-west) tend to display higher δ
18
O values, consistent with a 
larger influence of westerly winds carrying 
18
O-enriched precipitation from the North Atlantic. 
This effect is more pronounced in the winter months compared to the annual means. 
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Rebuttal figures: 
 
 
 
 
Rebuttal figure 1: Salix pollen percentage, C/N ratio, concentration of n-alkanes C25, C27 and C29 (μg/g C), 
C27/C31 ratio, and the BIT index. Dark blue area shows where Salix percentages and C27/C31 ratio are 
relatively high. Dashed vertical line added to the C/N curve to show that values are high until 3150 cal a BP, 
with the exception of three samples indicated in the light blue area. 
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 Rebuttal figure 2: PCA biplot of pollen and n-alkane data (A). Loadings of variables multiplied by 10 to aid 
visual representation. Grey areas encompass samples pre-3150 cal a BP (right) and post-3150 cal a BP (left). 
Scree plot showing that PC1 and PC2 explain most of the variability (B). Contribution of variables to PC1 (C) 
and PC2 (D); the dashed red line represents the expected value if the contribution of the variables were 
uniform. 
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Rebuttal figure 3: IRpenta vs. IRhexa (A), #rings-tetra vs. #rings-penta methylated brGDGTs (B) and %tetra vs. % 
penta methylated brGDGTs (C) all show that the brGDGTs in the Uddelermeer sediments have similar 
distributions as in soils from the global soil calibration dataset, indicating that the brGDGTs in the lake were 
likely derived from soils. 
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Rebuttal figure 4: PCA results: Biplot of PCA of all data (A), without pollen data (B), n-alkanes represented 
by C27/C31 only (C); Scree plot of latter PCA (D), contribution of variables to PC1 (E), contribution of 
variables to PC2 (F), and values of PC1 and PC2 over time (G). 
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